Styrene increased lung tumors in mice at chronic inhalation exposures of 20 ppm and greater. MIEs, KEs and MFs were examined using gene expression in three strains of male mice (the parental C57BL/6 strain, a CYP2F2(−/ −) knock out and a CYP2F2(−/−) transgenic containing human CYP2F1, 2A13 and 2B6). Exposures were for 1-day and 1, 4 and 26 weeks. After 1-day exposures at 1, 5, 10, 20, 40 and 120 ppm significant increases in differentially expressed genes (DEGs) occurred only in parental strain lungs where there was already an increase in DEGs at 5 ppm and then many thousands of DEGs by 120 ppm. Enrichment for 1-day and 1-week exposures included cell cycle, mitotic M-M/G1 phases, DNA-synthesis and metabolism of lipids and lipoproteins pathways. The numbers of DEGs decreased steadily over time with no DEGs meeting both statistical significance and foldchange criteria at 26 weeks. At 4 and 26 weeks, some key transcription factors (TFs) -Nr1d1, Nr1d2, Dbp, Tef, Hlf, Per3, Per2 and Bhlhe40 -were upregulated (| FC | > 1.5), while others -Npas, Arntl, Nfil3, Nr4a1, Nr4a2, and Nr4a3 -were down-regulated. At all times, consistent changes in gene expression only occurred in the parental strain. Our results support a MIE for styrene of direct mitogenicity from mouse-specific CYP2F2-mediated metabolites activating Nr4a signaling. Longer-term MFs include down-regulation of Nr4a genes and shifts in both circadian clock TFs and other TFs, linking circadian clock to cellular metabolism. We found no gene expression changes indicative of cytotoxicity or activation of p53-mediated DNA-damage pathways.
Introduction
Styrene (CAS RN 100-42-5) is a monomer used in the production of many commercially important products, including polystyrene, fiberglass resin composites, acrylonitrile-butadiene-styrene, styrene butadiene rubber, styrene-butadiene latex and styrene acrylonitrile. These polymers are used in a diverse array of end products: appliances, automobiles, glass resin composites (boats, shower stalls, tubs), furnishings, and building materials. The estimated global production in 2016 was 28 million tons. Over the past 30 or so years, there have been extensive studies on the toxicology, modes of action (MOAs), metabolism and pharmacokinetics of styrene in mice and rats, augmented by epidemiological studies in human populations. In short term exposures in mice, there were increases in LDH release to broncho-alveolar lavage fluid (Gadberry et al., 1996) and in cell proliferation in the distal airways suggestive of cytotoxicity. In acute studies (Green et al., 2001a) , only minimal histological evidence of cell necrosis was evident in the bronchiolar region immediately following a single 6 h inhalation exposure to 40 ppm, but not 160 ppm styrene; no necrosis was evident at 18 h after single 40 or 160 ppm exposures. These investigators also reported increased bronchiolar cell proliferation, measured by BrdU incorporation, following 5 days of 6 h/day 40 or 160 ppm styrene exposures. Increased cell replication in the terminal bronchiolar region has also been noted in other mouse studies following short-term inhalation or oral styrene dosing (Cruzan et al., 1997 (Cruzan et al., , 2012 . After long term exposures, there were increases in lung tumors in both male and female CD-1 mice (Cruzan et al., 2001) . Females had statistically significant increases at 20, 40 and 160 ppm and males had statistically significant increases at 40, 80 and 160 ppm. In general, the percentage increase in incidence above controls was greater in males than females. Although histopathological responses were present in the olfactory epithelium in the rat nasal mucosa, styrene exposures did not increase lung toxicity or tumors in rats (Cruzan et al., 1998) . Importantly, epidemiological studies indicate styrene is not a human carcinogen, even to lung (Boffetta et al., 2009; Collins et al., 2013) , despite occupational exposures in the fiberglass composites industry that encompass exposures that are carcinogenic in mice.
Styrene undergoes metabolism by CYP-mediated oxidation. CYP2E1 produces the vinyl side-chain epoxide and CYP2F2 leads to ring-oxidized metabolites (ROMs). The availability of knock-out mice has made it possible to examine the role of these two CYPs in relation to the pulmonary responses to styrene. With a parental strain on a C57BL/6 background, both a Cyp2F2 knock out and a transgenic mouse with human Cyp2F1, 2A13 and 2B6 transgenes inserted into the Cyp2F2(−/ −) mice are available. Styrene and styrene oxide had much reduced toxicity in both the knock-out and transgenic strains (Cruzan et al., 2013) , supporting the role of Cyp2F2 metabolism and formation of ROMs in mediating styrene-induced lung toxicity. In contrast, pulmonary toxicity was essentially unchanged by inhibition of Cyp2E1 or in Cyp2E1 knock out mice (Carlson, 2004) , indicating that styrene oxide, the primary metabolite of styrene Cyp2E1 metabolism, is not the proximate metabolite causing pulmonary toxicity. The responses to styrene in mice, then, appear to arise from metabolite(s) generated by ring oxidation of Cyp2F2 directly in the lung (Cruzan et al., , 2005 . Based on changes in cell proliferation (increased BrdU -labeling) and LDH release into the bronchiolar alveolar lavage fluid, the consensus mode-of-action (MOA) for styrene mouse lung toxicity and tumorigenicity was cytotoxicity from Cyp2F2 ring-oxidized metabolites (ROMs) and associated reparative hyperplasia (Cruzan et al., 2012) . However, some concern remains that the ROMs may form reactive hydroquinones, with the potential for DNA-damage response pathway activation. These alternative MOAs including genotoxicity that might be contributory to cancer outcomes must be addressed in order to inform the quantitative or qualitative human relevance of the speciesand target-organ-specific styrene tumorigenicity.
Over the past 10 years, we have applied whole genome gene expression profiling, enrichment analyses, gene expression dose-response and visualization tools to assess likely MOAs of compounds that cause respiratory tract tumors in rodents (Andersen et al., 2008 (Andersen et al., , 2010 Thomas et al., 2009; Black et al., 2015) . Our goal in this study was to evaluate gene expression changes in lungs of C57BL/6 male mice exposed to various concentrations of styrene for 1 day and for multi-week exposures to capture both molecular initiating events (MIEs) and more downstream responses occurring with continued exposure that would represent key events (KEs) or modulating factors (MFs) for styrene. The information from this study was expected to provide additional refinements to the overall understanding or the human relevance of styrene-induced mouse lung toxicity and tumorigenicity. With the parental C57BL/6 strain, a concentration-response was conducted for 1 day at 0, 1, 5, 10, 20, 40 and 120 ppm to assess early responses. For the longer-term studies, we evaluated gene expression in lungs following 1, 4 and 26-week exposures (6 h/day; 5 days/week). At 1 and 4 weeks, exposures were at 0, 40 and 120 ppm; at 26 weeks, exposures were 0 and 120 ppm. In addition to considering whole genome differences in gene expression across the 26 weeks, we also examined the pattern of transcription factor (TF) gene expression for these exposures. Similar experimental protocols were employed with the CYP2F2 knockout mouse on the C57BL/6 background and with the transgenic mouse that has three human CYP genes-CYP2F1, 2A13 and 2B6 -inserted into the genome. These three strains of mice are referred to as wild-type (WT), knock-out (KO) and transgenic (TG) groups throughout the paper.
Methods

Animals
Male C57BL/6 mice of all three strains were obtained from Taconic Farms at 4-5 weeks of age and acclimated for 14 days before beginning inhalation exposures. Mice were stratified by weight and randomly assigned to control or exposed groups. Mice were identified by ear tag and cage card. Mice were housed individually in polycarbonate cages during non-exposure periods with microisolator lids, Alphi-dri® cellulose bedding (Sheppard Products, Watertown, TN) and enrichment products. Mice were fed Certified PicoLab Rodent Diet 20 (Lab Diet, St. Louis) ad libitum. Reverse-osmosis treated tap water was supplied ad libitum in polycarbonate water bottles with stainless steel sipper tubes.
During styrene exposures, mice were housed individually in hanging stainless steel wire-mesh cages 
Inhalation exposures
Styrene monomer PO-11 Bulk Grade (CAS # 100-42-5, 99.95%) was obtained from Lyondell Chemical Company, Houston, TX. A certificate of analysis accompanied each shipment. An inhibitor of styrene polymer formation, t-butyl catechol, was added to the styrene by the producer at 10-15 ppm. Styrene was stored at ambient temperature in an air-conditioned room.
Styrene vapor was generated by metering liquid styrene, using an FMI pump, into the upper portion of a J-tube filled with glass beads. As liquid styrene flowed down over the beads, nitrogen, approximately 25 L/min, flowed upward through the glass beads to carry vapors out of the J-tube. A heating jacket, which did not exceed 145°C, was used to warm the J-tube and contents and aid vaporization. The rate of liquid styrene introduction into the J-tube was regulated to produce appropriate concentrations in the inhalation chamber. A similar set was used for the control chamber, except no styrene was metered into the J-tube.
Styrene concentration was measured in each chamber using an infrared spectrophometer (MIRAN 1A, Foxboro Co, Norwalk, CT) and was continuously recorded using an automated system (Provantis™). Uniformity of chamber concentration was checked by measuring concentrations in various locations within the chambers before the start of animal exposures. Chambers were monitored continuously for temperature, humidity, airflow and differential pressure relative to the room.
Study design
The purpose of this study was (1) evaluation of changes of gene expression in the C57BL/6 mouse to examine the relationship of short term responses after 1-day and 1-week exposure and (2) the possibility of adaptive responses that might occur after the longer periods of exposure. More complete descriptions of this two-year study has appeared M.E. Andersen et al. Toxicology and Applied Pharmacology 335 (2017) 28-40 (Cruzan et al., 2017) . The data for the parental strain were collected in three studies, each with separate protocols.
2.4. The 1-day study in WT-mice (2013, Hamner) Mice were exposed by whole-body inhalation for 6 h in 1-m 3 stainless steel and glass chambers (H1000, Lab Products, Seaford, DE) operated at approximately 250 L/min airflow rate (15 air changes/h). One chamber was used per exposure concentration and all exposures were completed on the same day. Mice were individually caged in stainless steel wire mesh cages with metal discs placed on the cage floor to support the feet during exposure. Stainless steel pans were placed under cages to catch urine and feces. The analytical average daily styrene concentrations for the 1-day gene expression group were 0.0, 1. 02, 4.87, 9.85, 20.78, 40.14 and 117 .60 ppm for the target exposure concentrations of 0, 1, 5, 10, 20, 40 and 120 ppm, respectively. Exposure temperature and relative humidity means were 69.2-74.9°F and 45-54%. Mouse body weights were taken at necropsy. Each group consisted of 8 mice with both lung and liver taken for gene expression analysis.
2.5. The 1 and 4-week study (2013, Hamner) These studies were conducted at three concentrations 0, 40 and 120 ppm -concentrations. These styrene exposure levels increased the incidence of lung tumors in the CD-1 mice (Cruzan et al., 2001) . The groups for gene expression had 8 mice per exposure. Six animals were also included for assessing cell proliferation (using BrdU-pump implantation 1-day prior to the first exposure) for the 1-week exposure time. Exposures were by whole body inhalation for 6 h/day, 5 day/ week in 8m 3 chambers. All three strains -WT, KO and TG mice -were included. For the 1-week exposures, analytical concentrations were 0.0 ± 0.0, 40.9 ± 2.0 and 118.9 ± 1.2 ppm. For the 4-week exposures, the average daily analytical concentrations over the course of the exposures were 0.0 ± 0.0, 39.6 ± 1.6 and 119.1 ± 2.5 ppm. Body weights and food consumption were measured throughout the study. In addition to the 1-week cell proliferation measures, lung tissues were prepared for histopathology at both 1 and 4-weeks. Sections of the left lung lobe were removed from the mice for collection of RNA. The lung sections were trimmed and embedded in paraffin blocks and 5 μM sections were cut from the blocks, mounted on slides and evaluated by a board-certified pathologist. For the mice used for lung cell proliferation, the left lobe was removed and embedded in paraffin and blocks processed for both cell proliferation and light microscopy. The duodenum was also removed from these mice, embedded in the same paraffin blocks and used as a positive control tissue for BrdU-staining for cell proliferation evaluation. For cell proliferation, 300 to 650 cells were counted per mouse (both stained and unstained) in the terminal bronchioles. Data were reported as cumulative BrdU labeling index, defined as the percentage of counted cells that were BrdU positive.
2.6. The 26-week study (2015, Hamner) Based on the results of previous toxicity and carcinogenicity studies, the 2-year study (Cruzan et al., 2017) had only a single target styrene concentration, 120 ppm, plus air control. The analytical exposure concentrations over the 2 year period were 120 ± 0.17 ppm and 0.0 ± 0.0 ppm. During exposure periods, mice were housed individually in hanging stainless steel wire-mesh cages (Hazelton M-48) contained within an 8 m 3 inhalation chamber. At the start of the study there were 150 male C57BL/6mice -half in the exposed group and half in control group. Five mice were scheduled for necropsy at 1, 26, 52 and 78 weeks. Mice were observed for morbundity twice each weekday and once each week-end day. Moribund mice were sacrificed and necropsied to preserve lung tissue. Mice were weighed within 3 days of arrival, at group allocation, prior to initial exposure, weekly for 13 weeks, monthly until 26 weeks. Five mice/group were euthanized after 1 and 26 weeks for histopathology. Since the 1-week genomics were already obtained in the 1 and 4-week protocol, gene expression was only conducted for the 26-week group. Mice were euthanized by IP injection of 50 mg/kg Euthasol® and exsanguinated from the abdominal aorta. The thoracic cavity was opened and examined for gross lesions. A suture was placed loosely around the trachea. Another suture was placed around the bronchus leading to the right lobes and drawn tight. The right lobes were removed distal to the suture, and stored for genomic analysis. The trachea was cannulated below the larynx and the lung was infused with 10% neutral-buffered-formalin under hydrostatic pressure until the left lobe was filled with fixative. The suture around the trachea was tightened and the cannula removed to tie off the expanded lungs. The lungs were removed and placed in formalin fixative for 48 h; then these were placed in 70% ethanol until processed for histopathology.
Sections of the left lung of mice terminated at 1 and 26-weeks were stained for Ki-67. Cells in 5-11 terminal bronchioles were counted for stained and unstained cells. The pathology in and surrounding the terminal bronchioles was the focus of the examination in that this location has been identified as the primary site of styrene-induced lung toxicity and tumorigenicity, and also includes the primary location of club (Clara) cells that are enriched in CYP2F2 activity in mice (Cruzan et al., 2009 ). This study also included WT, KO and TG strains.
2.7.
A satellite 1-day study in WT, KO and TG strains (2016, Charles River) After preliminary analysis of the full suite of gene expression results, we determined the need to assess 1-day changes in the KO and TG strains. Since the Hamner Institutes for Health Sciences (where the earlier exposures had been conducted) had ceased operations at the end of 2015, this second study was conducted at Charles River Laboratories LLC, Ashland, OH. Ten mice of each of the three strains were exposed to styrene at 0.0 ± 0.00, 10.3 ± 0.08, 39.7 ± 0.33 or 120.4 ± 0.72 ppm. Individual body weights at the initiation of exposures were 16.6 to 24.0 g for WT mice, 18.0 to 23.7 g for KO mice, and from 19.1 to 24.7 g for TG mice. Euthanasia and tissue preparation for genomic evaluations and histopathology were conducted 24-h after the initiation of the inhalation exposure and were similar to procedures in the studies at Hamner.
Gene expression
Lung was taken from mice the day after completing the last scheduled exposure. In the case of the 1-day exposures, lungs were taken the morning after the exposure was completed. Generally, necropsies began at the same time of day as the usual time of the initiation of exposures. RNA quality was evaluated in 8 samples per group and 5 high quality RNA samples were used for the gene expression analysis. All RNA samples were run on a single 96-peg Affymetrix HT_MG-430_PM Gene Titan Array system (Affymetrix, city). Affymetrix CEL files were normalized by RMA (Irizarry et al., 2003) in Partek Genomics Suite version 6.6 (Partek Inc., St. Louis MO), and analyzed by 2-way ANOVA with orthogonal linear contrasts. Significant differential gene expression was determined for genes showing a concentration-dependent response by concentration across all concentrations, as well as those showing a specific response, relative to air controls, independently. With the 1-week and 4-week studies, principle component analysis (PCA) of the normalized array data showed a significant separation of the data from the two-time points. Subsequently, each of the two-time points was analyzed independently by 2-way ANOVA with orthogonal linear contrasts for pair-wise comparisons.
Differential gene expression was determined in a hierarchical manner using different thresholds of change. A statistical threshold of change is determined by multiplicity corrected p-values and expressed as a False Discovery Rate (FDR) of < 0.05 (Benjamini and Hochberg, 1995) . Additionally, a magnitude of change threshold was also applied, where the estimated fold change of a gene must be greater than some specified, predetermined value (e.g., 1.5-fold up-regulated or 1.5-fold down-regulated, relative to the common control samples (|FC | > 1.5). For the concentration-specific contrasts, these two thresholds were applied simultaneously to give higher stringency for determining differential gene expression.
Initial statistical testing was performed on the whole array of 45,037 probes representing 20,627 unique annotated genes. Once probes passing a significance threshold were identified, all unannotated and promiscuous probes were discarded. All remaining annotated probes were counted once for gene IDs with redundant probes, to produce a final list of unique genes passing the significance threshold. These lists of unique, differentially expressed genes were then used for ontology enrichment analysis. By this method, ontology enrichment was based on aggregate signatures for genes which pass significance thresholds for change (up or downregulation) relative to vehicle controls, and was not dependent on any particular gene or even group of genes.
The gene expression array files have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus. There are three files: 90 lung samples from GSE75156 -"1-week & 4-week styrene inhalation exposure at 2 concentrations (40ppm & 120ppm) in three strains of C57BL/6 mice: wild-type (WT), CYP2F2 knockout (KO), and CYP2F1 humanized (TG) mice"; 35 samples in GSE75157 -"1-day styrene inhalation dose response in C57BL/6 mice (lung)"; and, 35 samples in GSE75158 "1-day styrene inhalation dose response in C57BL/6 mice (liver)". All three are combined under the super series Accession GSE75159, "Examining potential modes of action of Styrene inhalation on lung and liver in male C57Bl/6 mice". The 26 week samples are included in accession GSE98470, a submission that includes additional samples not analyzed for this publication.
Ontology enrichment
Enrichment analyses were performed based on both the MetaCore™ and Reactome (www.reactome.org) ontology platforms. With MetaCore™ the results were displayed in tabular format with a measure of the statistical significance of the enrichment. With Reactome ontology, a graphical representation of the relationship among the pathways was used both for individual treatment and for comparing up to three separate treatment groups (McMullen et al., 2014; Pendse, 2014) . This software calculates enrichment by conventional hypergeometric distribution analysis and one-sided Fisher's exact test of significance with FDR correction of p-values, and then displays the enrichment pattern in a hierarchical manner consistent with the structure of the ontology. This graphical presentation of enrichment progresses outward from central nodes to broadly defined "parent" categories of multiple related biological processes, then to more functionally restrictive groups of "child" categories that include discrete biochemical pathways. In the case of Reactome the central node represents cellular biological processes as determined by the Reactome curators.
Each node in the display indicates a functional category in the ontology, with a defined number of elements. Nodes in an enrichment map can thus be displayed graphically with a size proportional to the number of search elements (genes, converted to their known gene products) which contributed to the enrichment, relative to the total number of elements defined as members of a category. Color is used to indicate either statistical significance, or the pattern of enrichment when simultaneously comparing independent gene lists. The enrichment patterns enrichment can be compared graphically while retaining the hierarchical connections of parent and child functional categories. Up to three independent gene lists can be compared simultaneously for their respective patterns of enrichment and overlap of enriched categories among the groups. In our (admittedly still limited) experience the Reactome ontology retrieves patterns more consistent with the biological/cellular targets in the tissues.
IDEA enrichment
With the 4 and 26-week groups, there were not always sufficient numbers of genes with a FDR < 0.05 and |FC | > 1.5 to do conventional enrichment. With these gene sets, an alternative approach, called information-dependent enrichment analysis (IDEA), was used . This method considers the ranking of changes in expression of all genes to estimate enrichment and relies on sequential sampling of the genes listed in relation to their changes in expression to assess enrichment. With this methodology, enrichment is evaluated with gene lists of various sizes until a list is generated that returns a minimum value for an FDR statistic. One advantage of the IDEA approach is that information on responses of all genes is retained for the analysis rather than using a specific, though generally arbitrary foldchange cut off to limit the number of genes in the test set.
Dose response analysis of gene expression
The benchmark dose analysis of the gene expression microarray data was performed as described previously , using BMDExpress -Version 1.41 . Normalized log 2 transformed expression values for each probe on the array were fit as continuous data to linear, 2°& 3°polynomial, and power models. The power coefficient was restricted to ≥1 for the power model. Each model was run assuming constant variance and the benchmark response (BMR) factor was set to 1.349 multiplied by the standard deviation in the control animals to estimate a BMD with a 10% increase in tail area . For model selection, a nested likelihood ratio test was performed on the linear and 2°& 3°polynomial models to select a best fitting general linear model. If the more complex model provided a significantly improved fit (p < 0.05), the more complex model was selected. If the more complex model did not provide a significantly improved fit (p ≥ 0.05), the simpler model was selected (Posada and Buckley, 2004) . The Akaike information criterion (AIC) for the selected polynomial model was then compared with the AIC for the power model. The model with the lowest AIC (Akaike, 1973) was selected as the final, best fitting model and was used to calculate a BMD and BMDL. To avoid model extrapolation and any potential bias from genes with poorly fitting models, probes with an estimated BMD value greater than the highest dose or a goodness-of-fit p-statistic < 0.1 were removed from further analysis. Finally, Entrez Gene IDs were matched to their corresponding pathways using the public Reactome ontology database. Pathways with fewer than 5 genes with BMD value less than the highest dose and a goodness-of-fit p-statistic > 0.1 were removed from the analysis. The median BMD of all probes with valid BMD found in the pathway elements was used to summarize an aggregate pathway BMD.
Results
In life study observations
In the first of the 1-day exposure studies spanning the 6 concentrations, there were statistically significant decreases in body weight in the 40 and 120 ppm groups. The decrease over the single day exposure was about 3.5 g in these groups and only 1.5 g in the control mice. In the second of the single day exposure studies at 10, 40 and 120 ppm the three strains' mean body weights were 4.2%, 12.3%, and 12.3% lower in these same WT groups on study day 1 when compared to the control group. There were no effects on body weight for KO or TG mice. At the higher concentrations, these single, 6-hour whole-body inhalation exposures resulted in minimal to mild degeneration, necrosis, exfoliation, and/or attenuation of bronchiolar epithelium mainly lining terminal bronchioles in the lungs of 5 wild type mice receiving M.E. Andersen et al. Toxicology and Applied Pharmacology 335 (2017) 28-40 10 ppm, 8 wild type mice receiving 40 ppm, and 8 wild type mice receiving 120 ppm. No microscopic findings were evident in the lungs from KO or TG mice. There was also an increase in the mean Ki-67 labeling index in the terminal bronchiolar epithelial cells in the lungs from wild type mice following inhalation of 40 ppm and 120 ppm of styrene for 6 h compared to the control wild type mice receiving air only for 6-hours. The mean and std. deviation for the 0, 10, 40 and 120 ppm groups were respectively, 1.1 ± 0.8, 1.4 ± 1.6, 3.2 ± 2.5 and 2.4 ± 1.6%. The presence of degeneration, necrosis, exfoliation, and/or attenuation of bronchiolar epithelium in the WT mice receiving styrene generally correlated with an increase in the Ki-67 labeling index in the same animals. No increases in Ki-67 labeling were observed in KO or TG mice at any concentration.
In the 1-week 120 ppm group, the WT mice had an increased BrdU labeling in lungs relative to control (34.21 ± 9.81% versus 5.11 ± 1.35%). BrdU labeling was not done for any strain at 40 ppm group. While the body weights were not statistically different from controls, there was decreased food consumption during the first week of exposure. The mice, whether exposed for 1 or 4 weeks, had microscopic lesions in the lungs consisting of decreased eosinophilia of terminal bronchiolar epithelium, degeneration, necrosis, exfoliation and/or attenuation of individual terminal bronchiolar epithelial cells, and/or hyperplasia of the terminal bronchiolar epithelium that sometimes extended into the distally connected alveolar duct (Supplemental File 1). Overall, the microscopic findings were not concentration-dependent for the two concentrations except for the degeneration, necrosis, exfoliation and/or attenuation of bronchiolar epithelium at the 4-week time, which appeared more severe in mice exposed to 120 ppm. The mean severity scores for most of these microscopic lesions were greater at 1-week than at 4 weeks, with the exception of the severity score for hyperplasia of the bronchiolar epithelium that was greater at 4 than at 1 week. By way of comparison, the incidence of bronchioloalveolar adenoma (Cruzan et al., 2001 ) was similar for the 40 and 120 ppm groups (35/50 and 33/50, respectively) in the 2-year study in the CD-1 mouse. No significant histopathology was present in the KO or TG mice following either 1 or 4-weeks of exposure.
In the 26-week study, the WT-mice exposed to 120 ppm styrene weighed less (2-10%) than the controls from week 1 through week 26. Proliferation, measured by Ki-67 staining, was increased after 1 week (31.1 versus 5.5%), but not at 26 weeks (4.3 versus 5.6%). Despite the absence of proliferation at 26 weeks, hyperplasia in the terminal bronchioles persisted from 1 to 26 weeks. In the 5 mice euthanized at 1 and 26 weeks, the incidence was 5/5 at 1 week and 4/5 at 26 weeks. Over the time covered by these three studies, the method for evaluation of cell proliferation was changed from BrdU to Ki-67 staining. Ki-67 does not require any pretreatment and does not require a separate treatment group. Results showed that the two methods gave equivalent results (data not shown). Cruzan et al. (2017) report the mean Ki-67 labeling for WT, KO and TG exposed mice versus control mice as, respectively, 31.1 versus 5.5%, 3.0 versus 4.5% and 3.7 versus 5.1% for the 1-week exposure. By 26 weeks, there were no significant changes in Ki-67 for treated versus control in any of the three strains.
Day-1 gene expression
The 1-day study provided the opportunity to assess the immediate responses that are expected to be more closely associated with MIEs. With styrene, there were robust, concentration-related changes in gene expression in the lung. Using cut offs for both extent of change and statistical significance (| FC| > 1.5 and FDR < 0.05), there were already increases in the number of differentially expressed genes (DEGs) in lungs at 5 ppm and the number of DEGs increased to many thousand at 120 ppm (Table 1) . This large number of genes affected by treatment had not been observed in our other studies evaluating transcriptomic responses of mouse tissues to various chemicals (Andersen et al., 2008 (Andersen et al., , 2010 . Using a more stringent criterion of | FC| > 2.0 with the styrene gene expression, there were still a total of 6605 genes meeting these criteria across all of the concentrations in the 1-day Hamner exposures with styrene.
In this study, there already was a clear response at 5 ppm with the number of DEGs increasing at higher concentrations. The number of DEGs was similar for the 10, 20 and 40 ppm and increased markedly for the 120 ppm exposure. This 1-day exposure study was partially repeated looking at 0, 10, 40 and 120 ppm and using all three strains (Table 1 ). The pattern of response was similar at the lower doses in the repeat exposures with consistent dose-response for 10 and 40 ppm, although seeing somewhat fewer DEGs in the repeat study. However, the dose-response was flat between 40 and 120 ppm whereas there was the marked increase in DEGs at 120 ppm in the first study. Some differences in numbers of DEGs in these exposures may arise due to differences in the time of sacrifice between groups -ranging from about 18 to nearly 24 h after the cessation of the single 6-hour exposure. When comparing across the three strains, there were essentially no increases in DEGs at any of the three concentrations in the KO or TG-mice.
Gene family enrichment at 1-day
We examined enrichment in the up-and down-regulated genes separately. Because of the large number of genes included using the | FC| > 1.5 criteria in the first 1-day exposure series, enrichment here was done for genes meeting with |FC | > 2.0. We first evaluated the responses at the lower concentrations by comparing enrichment for the 10, 20 and 40 ppm groups (Fig. 1) . The categories, more prominent at 10 ppm than at higher concentrations (shown in the figure by the red circles), were primarily associated with metabolism, cytokine signaling, circadian clock and a few pathways spread through cell cycle child processes and DNA-repair pathways (nucleotide excision and double strand break repair). The size of the circles in these figures is proportional to the number of DEGs in the particular pathways. Metabolism has a larger suite of DEGs than present in the other processes with the smaller circles. The gray circles are pathways enriched at all three concentrations, including cell cycle, mitotic M-M/G1 phases, signaling and various pathways related to cholesterol synthesis. There was enrichment for circadian clock at this early time. With the 1-day downregulated DEGs in lung (Supplemental File 1), there was enrichment of insulin and insulin signaling and pathways for gene expression, mitotic M-G1/M, metabolism and signaling. Some of these pathways are shared with the up-regulated genes. Importantly, this general pattern of enrichment for the WT-lung was seen in both short term studies with very similar enhancement of upregulated genes for pathways involved in cell cycle mitotic, cell cycle checkpoints, chromosome maintenance, DNA synthesis, DNA replication, DNA-repair, cholesterol biosynthesis and cytokine signaling -all pathways affected in the first study encompassing the larger dose range. Despite some differences in the number of DEGs in the two short-term studies the processes identified as affected by styrene were essentially identical (Supplemental File 1).
Among the top 25 enriched pathways in the MetaCore™ ontology for lung, we found cell cycle processes, SCAP/SREBP transcriptional control of cholesterol and biosynthesis, immune response and DNA-repair (Table 2) . Several of the 25 Reactome pathways with the most sensitive BMDs were related to metabolism -sphingolipid metabolism, phase II conjugation, biological oxidations, phase I -functionalization of compounds and metabolism of nucleotides (Supplemental File 1). The pathway with lowest median BMD (5.67 ppm) was sphingolipid metabolism.
Gene expression at later times
In earlier work with formaldehyde (Andersen et al., 2010) , gene expression was examined in the nasal epithelium for 5-concentrations (0.7, 2, 6, 10 and 15 ppm) across three time points (1, 4 and 13-weeks with 5 days/week, 6 h/day exposures). Although there were different patterns of gene expression across the different times of exposure, the numbers of DEGs remained fairly steady across the exposure durations (Andersen et al., 2010) . With styrene, lung tissue gene expression was examined at the 1, 4 and 26 weeks. The time-dependent responses with styrene differed markedly from those with formaldehyde, showing decreasing numbers of DEGs with increasing length of exposure (Table 3) . Using both an FDR < 0.05 and | FC| > 1.5 criteria, there were many fewer DEGs in lung after 1-week (378 and 516 for the 40 and 120 ppm) and fewer again after 4-weeks (19 and 69 for the 40 and 120 ppm). At 26-week and 120 ppm, there were no DEGs meeting both the FDR and | FC| criterion. Across all these times of exposure, but especially at the 4 and 26 weeks, there were larger numbers of genes that had | FC| > 1.5, but failed the false discovery rate criterion. Clearly, expression of these genes in some individual mice in these groups had quite large changes in | FC| and significant variability to reach a | FC| > 1.5. This observation of much larger numbers of genes with | FC| > 1.5 without achieving statistical significance is also an unusual finding in our various studies examining gene expression in rats and mice after inhalation or oral dosing of rats and mice to various compounds.
Pathway enrichment for the longer exposures
We evaluated enrichment for the DEGs in the 1-week exposures using approaches similar to those applied at 1-day and then compared the responses for the two times in a single map (Fig. 2) . The pathways in red are those enriched at 1-day and not at 1-week. These primarily represent those related to metabolism. Pathways in green are only enriched at the 1-week exposure and are generally interspersed throughout the cell cycle cluster. The mustard-colored nodes are shared between the two treatments and show a greater representation of cell cycle related pathways for the 1-week exposure (based on the relative size of the circles, i.e., the numbers of genes in each pathway) compared to the 1-day exposure. In general, although there are fewer DEGs in lung at 1-week, the patterns of enrichment were similar to those at 1-day. 
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At 4 and 26-week exposures, there were many fewer genes meeting both the fold increase and FDR < 0.05 criteria and there was no enrichment using methods similar to those used for 1-day and 1-week. For these exposures, we evaluated enrichment using a method that does not rely on either an FDR correction or fold-change criterion by evaluating the entire list of genes, ranked in order of expression. This computational approach sampled increasing numbers of genes until a number of genes was reached that produced most significant enrichment. This approach used both the most up-regulated and the most down-regulated genes lists. The 40 ppm 4-week exposure had enrichment of pathways for up-regulated genes included pathways for metabolism of lipids and lipoproteins, cholesterol biosynthesis, and circadian gene expression (Table 4 ). The down-regulated genes at this concentration had enrichment for immune system, circadian clock, and bmal1:-clock:npas2 activating gene expression. Among the up-regulated pathways at 4-week and 120 ppm were pyruvate metabolism and citric acid (tca) cycle, circadian clock-2, bmal1:clock:npas2 activating circadian gene expression, circadian gene expression and pyruvate metabolism/ tca cycle. The PPARα activated gene expression pathway was downregulated at both concentrations. Although there were no DEGs by our dual selection criteria at 26-weeks, IDEA enrichment still returned enrichment for several down regulated pathways at 120 ppm and 26-weeks. These were all associated with circadian processes or RORα activating gene expression.
Transcription factor gene expression
In a cursory examination of these gene lists, it was evident that TF coding genes were consistently among the most up-and most downregulated genes at later times. We then used mouse TF lists taken from Ensembl BioMart (http://www.ensembl.org) and from the RIKEN Mouse TFDb (http://genome.gsc.riken.jp/TFdb/) to identify TF genes affected by styrene exposures and created a heatmap of TF genes affected across the later times (Fig. 3) . To better understand the processes that lead to decreasing numbers of DEGs at the longer times, we examined the TF genes affected at these times by taking the union of all TF genes at 1, 4 and 26-weeks that met the |FC | > 1.5 criterion -a total of 74 genes. We also added the results for the changes in these genes at 1-day to the heat map to see at what duration of exposure the changes in TF gene expression became evident. At 1-and 4-weeks with the WT-strain, there were consistent changes in key nuclear receptor family genes -Nr1d1 and Nr1d2 were increased and Nr4a1, Nr4a2 and Table 3 Differentially expressed genes at longer times of exposure. The number of DEGs using the dual FDR and | FC| criteria diminish consistently with increasing duration of exposure. However, there were considerably more genes that passed a | FC | > 1.5 criterion that those passing both the FC and a FDR < 0.05 criterion. 
M.E. Andersen et al. Toxicology and Applied Pharmacology 335 (2017) 28-40 Nr4a3 were decreased. Thus, the reversion of the gene changes beginning at 1-week and more apparent at 4 and 26-weeks was accompanied by changes in multiple nuclear receptor TFs. In addition, there were extensive changes in TF genes involved in circadian cycle. At 1 and 4-weeks, the changes in the up-and down-regulated TFs were similar. One group -Npas2, Arntl, Nr4a1, Nr4a2, Nr4a3, Nfil3, and Clock -were downregulated. Another group -Dbp, Nr1d1, Nr1d2, Hlf, Tef, Bhlhe40 and Hes6 -were upregulated. Many of these TF genes are included in the circadian clock pathways. In this way, the IDEA analysis can return enrichments for circadian processes that are both in the up-and downregulated groups. (The file used to create this heatmap is included as Supplemental File 2). Because of this methodology, the observation of both up-and down-regulation of circadian clock-related genes is not surprising. The circadian clock-related categories include genes that are coordinately affected with some genes increasing and others decreasing. In circadian signaling related genes, styrene responses include down-regulation of several genes -Npas2, Arntl and Clock -and upregulation of others -Dbp, Nr1d1 and Bhlhe40. Thus, the effects on Andersen et al. Toxicology and Applied Pharmacology 335 (2017) 28-40 circadian clock-related genes may be up-or down-regulated or both depending on which genes are differentially expressed for various treatments. The TF gene responses, both in the specific TF affected and the degree of regulation, were similar between the 40 and 120 ppm exposures at the 1 and 4-week exposures for the most highly affected genes. The blue clade grouping near top of the figure are down-regulated at 1-day and 1-week and then relatively unaffected at 4 and 26-weeks. This group contains Bcl6, Zkscan3, Erg, Klf7, Zbtb20, Rora and Bptf. The green group just above these set of 7 genes are up-regulated at 1-day and then down at later times. This group includes Nfil3, Nr4a1, Fos, Egr1 and Atf3. At the top of the aqua colored group are two genes (Tfec and Myb) that are sharply down-regulated at 1-day and 120 ppm and then slightly up-regulated by 1-week. Another 5 TF genes at the top of the light brown clade (Mxd3, Sp5, Rbpj1, E2f7 and E2f8) are upregulated early at 1-day and 1-week returning to near control levels by later times. These TF genes with changes that resolve after the first week of exposure are likely associated with the early proliferation. However, the circadian gene changes (in the top and bottom of the heat map) are well-established by 1-week and continue through the 26-week exposures.
TF analysis in the KO and TG mice
Despite the lack of significant response in DEG expression in KO and TG-strains, at the earlier times, there was some overlap in changes in TF genes at the longer times of exposure with more similarities between WT and KO than between WT and TG. In general, there was less downregulation of the Nr4a family genes and more variable response in the circadian clock and D-box protein binding genes. In addition, for the affected TF genes in the KO and TG mice there was a more consistent dose response with increases in |FC | change between 40 and 120 ppm, whereas the degree of change in WT were similar at both concentrations (Supplemental File 1). Another clear difference was seen where TFs, altered at 1-day and 1-week during the times with enhanced cell cycle activation (in the middle of the heatmap from the dark blue through the orange clades) were not consistently affected in the KO or TG mice.
Genes involved in cholesterol metabolism
In the WT-mouse, we found enrichment for cholesterol synthesis pathways; the 18 genes changed in this pathway are listed in Fig. 1 . Hmgcs1 and Hmgcr protein products initiate the flux into cholesterol synthesis pathways. Along with these other genes, this grouping of genes represents the full complement of proteins involved in isoprenoid production from 3-hydroxy-3-methyl glutarate and then cholesterol metabolism. Farnesyl pyrophosphate serves as a precursor to both cholesterol/steroid biosynthesis and for isoprenoid incorporation into Coenzyme Q biosynthesis (Turunen et al., 2004) .
Discussion
Expectations for gene expression changes with styrene
Mechanistic studies with styrene in various mouse strains have supported a MOA where Cyp2F2-mediated metabolism to ROMs produced reactive metabolites that appeared to be responsible for the lung responses, including BrdU incorporation (Cruzan et al., 1997) and LDH release into the BAL fluid (Gadberry et al., 1996; Carlson, 2004) . These tissue changes were interpreted as markers of cytotoxicity leading to a MOA similar to that for chloroform in liver -cytotoxicity followed by reparative hyperplasia (Golden et al., 1997; Andersen et al., 2000) . Based on this proposed MOA, we expected to see transcriptomic markers for cytotoxicity including activation of cellular stress pathways, apoptosis and p53-mediated DNA-damage followed by cell cycle progression marking the reparative hyperplasia. Because ROMs produced by Cyp2F2 could produce reactive hydroquinones after multiple ring oxidation steps, there remained the question of the extent that direct DNA-damage and mutational activity might contribute to styrene carcinogenicity in the mouse lung. These gene expression studies also provided the opportunity to examine activation of p53-dependent DNA damage pathways that would be indicative of direct genotoxicity. By inclusion of the KO and TG strains, we were also able to ensure that the responses observed in these mice were associated with CYP2F2 generated metabolites. With these TF genes, we also plot their expression at 1-day. Enrichment was conducted for the suite of TF genes and visualized in the bubblemap at right of the heatmap. Enrichment for nuclear receptor transcription pathways included downregulation of Nr4a1, Nr4a2 and Nr4a3 genes. The chemical structure is for namyl 2-[3,5-dihydroxy-2-(1-nonanoyl)phenyl)]acetate, an activating ligand for Nr4a1. Gene names (cluster row names) in order of clustering may be found in Supplementary File 2.
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Transcriptomic responses with styrene
Our gene expression results differed markedly from these expectations, with clear patterns of alterations in cellular metabolism/cell signaling at the lower exposure concentrations and increasing contributions of cell cycle processes at higher exposures at 1-week compared to 1-day exposures in the lung. There was enrichment of some DNA repair processes. However, these responses appear to be related to coordinate expression of cell cycle genes and DNA-repair pathways during cell division. Consistent with the pattern of coordinate increases in cell cycle and DNA repair was the lack of any persistent signals from stress response pathways, such as oxidative stress or p53-associated DNA damage pathway processes. Neither did we find enrichment of pathways for apoptosis or other cell-stress pathways. In earlier studies with formaldehyde in nasal epithelium in the rat, exposures at 6 ppm and above caused enrichment of p53-dependent DNA-repair pathways identified using the MetaCore™ ontology (Andersen et al., 2010) . The formaldehyde study had 1, 4 and 13-week exposures and the enrichment of the DNA-damage pathways persisted throughout the exposure period with the BMD values for the DNA-damage pathways tending to decrease with duration of exposure. Formaldehyde also led to enrichment of pathways for cell cycle and apoptosis. This pattern is entirely divergent from that seen with styrene.
Co-ordinate enrichment of cell cycle processes and DNA repair pathways
In another project using visualization for pathway enrichment, we have examined gene expression following treatment of hepatocytes with various compounds. The data used for this analysis reside in the TG-Gates database (Igarashi et al., 2015) . Among the test compounds in this data set were liver growth factors -including hepatocyte growth factor (HGF) and transforming growth factor-β-(TGFβ). These compounds produced intense genomic signals for cell cycle and DNA-replication (Supplemental File 1). Both of these growth factors also activate DNA-repair pathways. With these compounds, and also with styrene in vivo, the enrichment of the DNA-repair pathways is associated with surveillance of DNA integrity during proliferation rather than with any intrinsic production of reactive metabolites from HGF, TGFβ or styrene. With styrene, there were increases in DNA-repair processes during the first week after which the gene expression patterns changed considerably with no contribution from DNA-repair pathway enrichment at 4 or 26 weeks, i.e., these patterns of DNA-repair enrichment occurred along with those for mitotic signaling.
Timing of transcriptomic changes following styrene exposure
The rapid onset of the transcriptomic response to styrene was also striking -with the maximal number of DEGs seen after 1-day of exposure. Rapid changes in metabolic capacity to eliminate styrene have been previously observed in rats. In studies examining styrene blood levels during continuous 24-hour exposure to styrene in rats (Ramsey and Young, 1978) , blood styrene concentrations increased initially and then fell during the exposures. A PBPK model was fit to these data including induction of metabolism over the 24-hour period . Model parameters indicated that at 600 ppm exposures, there was a 3-fold increase in the Vmax (likely an increase in the concentration of metabolizing enzymes) and the increase occurred starting 10 h after the beginning of exposure with a half-life of about 2 h to reach maximum induction. These PBPK modeling results in rats, just as the gene expression results at 1-day in the mice, indicate the possibility of very rapid changes in gene expression and protein levels after styrene exposures that saturate metabolism. In the rat, systemic styrene oxidation saturated at inhaled concentrations near 200 ppm .
Saturation of styrene metabolism in male and female mice has also been detected over the 20-160 ppm exposure ranges used for the chronic bioassay of styrene in mice (Cruzan et al., 2001 ). Blood concentrations of styrene measured immediately after a 6 h inhalation exposure conducted during week 74 of the chronic study increased disproportionately relative to external dose beginning at 80 ppm. In males, blood styrene increased 9-fold relative to the 4-fold increase in exposure between 20 and 80 ppm, and was further increased 21-fold relative to the 8-fold increase in dose between 20 and 160 ppm; in females, styrene was disproportionately increased 18-and 58-fold over these dose range comparisons. In addition, evidence of saturation of styrene metabolism to styrene oxide in mouse lung after single styrene exposures has been estimated through PBPK modeling Sarangapani et al., 2002) . These modeling exercises predicted that styrene oxide concentrations in mouse terminal bronchioles would not increase proportionately with external styrene exposures between 20 and 160 ppm, i.e., R-and S-styrene oxide concentrations each increased only 2-fold over this dose range.
Biology of Nr4 family receptors
All three Nr4a family genes are down-regulated by 1-week and remain lower compared to controls at 4 and 26-weeks in the WT mice. The reduction in expression of these TF genes, along with those for circadian control processes, coincides with the return of most gene expression -for metabolic processes and cell cycle-mitotic division -to control levels at the longer exposures. The biological function of this family of receptors is poorly understood. Although many cellular response processes are associated with Nr4a family receptors, until recently, these were regarded as orphan receptors with no known activating ligands (Pearen and Muscat, 2010; Ranhotra, 2015; Safe et al., 2016) . Current research aims at a better understanding of possible endogenous and pharmacological activators of these receptors (Safe et al., 2016; Bridi et al., 2017) . Several alkyl substituted phenolic compounds -analogs of cytosporone (3,5-dihydroxy-2-(1-oxooctyl) benzeneacetic acid ethyl ester) -have been identified as activating ligand for Nr4a1, also known as Nur77 (Liu et al., 2010) . In their study of the binding affinity across a group of analogs, n-amyl 2-[3,5-dihydroxy-2-(1-nonanoyl)phenyl)]acetate was identified as the compound with strongest binding (See Fig. 3 ). There is a clear resemblance between this compound and metabolites that could be derived by further hydroxylation and modification from ROMs of styrene. Nr4a1 controls gluconeogenesis in liver glucose utilization in smooth muscle (Chao et al., 2009) . The gene expression responses to 1-day exposures to styrene include downregulation of insulin receptor and insulin like growth factor pathways, showing that styrene has effects common to Nr4a1 regulation.
In the overall category for oxidoreductases, one of the genes is 2-octaprenyl-phenol hydroxylase. This gene would generate 2-octaprenyl-6-methoxy-1,4-benzoquinol, an intermediate in the synthesis of Coenzyme Q. This enzyme generates 2-octaprenyl-6-methoxy-1,4-benzoquinol, an intermediate in the synthesis of Coenzyme Q. The body of our work on transcriptomic changes in lung following styrene exposure supports the hypothesis that Cyp2F2 produces metabolites that, either by themselves or through compounds produced following further metabolic processing, activate Nr4a family signaling. The Nr4a pathway shifts metabolism in the lung to isoprenoid and cholesterol synthesis and to cell proliferation. With continued exposure, adaptation ensues to modulate the initial responses by down-regulating all three Nr4a family genes. This hypothesis is tentative, but consistent with the full data set and suggests various directions in examining styrene effects in the mouse lungs, e.g., dosing lung cells with specific structural analogs of these coenzyme Q pathway products or examining styrene responses in Nr4a knock-outs. In addition to downregulation of all three Nr4a family receptors in lung on prolonged exposures, there were increases in two Cyp genes -Cyp26b1 and 2c39 -that metabolize retinoic acid. Increases in these protein activities would reduce the activity of the partnering molecule -cis-9-retinoic acid -that forms RXR heterodimers with the M.E. Andersen et al. Toxicology and Applied Pharmacology 335 (2017) 28-40 Nr4a family receptors.
Circadian clock and linkages to tissue metabolism and cancer
Nearly half of all genes in peripheral tissues undergo circadian changes in their relative abundance controlled by diurnal changes in the circadian clock (Zhang et al., 2014) . Among these genes are various nuclear receptors that coordinate circadian processes and cellular metabolism (Yang et al., 2006) . Alteration of peripheral organ circadian cycle genes have been postulated as a mechanism of physiological disruption leading to organ-specific cancers (Fu and Kettner, 2013) including promotion of lung cancer in knock-out mice for either Per2 or Arntl (Papagiannakopoulos et al., 2016) . Arntl is one of the most-highly downregulated genes at longer exposures with styrene (3). Interestingly, the overall control of lung cellular circadian cycle rhythms in mice is localized in the Club (Clara) cells (Gibbs et al., 2009 ) that also are the primary target cells for styrene-induced mouse lung toxicity.
Changes in concentrations of the components of the circadian clock are linked to this diurnal regulation of metabolism in a tissue and cellspecific manner (Kohsaka and Bass, 2007) . The linkage of circadian circuitry and metabolism has been extensively studied (Ueda et al., 2005; Jolley et al., 2014) . Sequential delayed feedback repression of the circadian cycle elements is organized around three cis-elements -E/E' boxes, D-boxes and RRE (Rev-erb/Ror) motifs -that activate and repress each other through coordinated downstream mediators (Minami et al., 2013) . Activators of the E/E' box arm of the circuit, including Npas2, Arntl (also called Bmal1) and Clock, are down-regulated and repressors, Per2, Per3 and Bhlh40 are increased in our study. Nr1d1 and Nr1d2 repress RER function and are significantly increased by the styrene exposures. While both RER and E/E' functions are expected to be sharply reduced, D-box promoter binding should be significantly enhanced by up-regulation of three D-box activators (Dbp, Tef, Hlf) and down-regulation of a D-box inhibitor (Nfil3). In addition to involvement in the circadian clock, D-box binding proteins link circadian cycle to changes in abundance of metabolic enzymes in cells (Kohsaka and Bass, 2007) . The up-regulation of genes for three D-box binding proteins, Dbp, Hlf and Tef, with down-regulation of Nfil3 (an inhibitor of D-box function) indicate strong, persistent linkages to cellular/tissue processes that control metabolic processes. The persistent changes in these circadian proteins would affect peripheral tissue cycling of metabolic processes and maintain activation of lung genes that have D-box motifs in their promoters. DBP, TEF and HLF are PAR-domain basic leucine zipper transcription factors that accumulate in a highly circadian manner in peripheral tissues. Triple knock-out mice, lacking DBP, TEF and HLF, have been generated. Some of these mice die from epileptic seizures in the first three months. If they survive, they begin to show signs of early aging, including cachexia and absence of vigor. Less than 20% survive until 1 year of age (Gachon et al., 2004) . When the transcriptome of liver in the triple KO mice was compared to the wild-type strain, expression of many genes usually associated with detoxification and drug metabolism, CypP450s, Phase II enzymes and CAR receptor were all reduced (Gachon et al., 2006) .
Another mouse carcinogen affecting circadian clock and D-box binding proteins
Recently, we completed an analysis of gene expression in lungs and livers from mice exposed to dichloromethane (DCM) . The studies examined gene expression in whole tissues following 90-days of exposures in groups exposed to 100, 500, 2000, 3000 and 4000 ppm. In conventional 2-year bioassays, DCM increased the incidence of tumors in both lung and liver at 2000 and 4000 ppm (US_NTP, 1986 ). In the gene expression studies with DCM, there was enrichment for some cell cycle and sister chromatid division pathways at the lower concentrations in both tissues. At the carcinogenic exposure concentrations, there were changes in the same set of circadian cycle genes in both tissues as seen in the lung with styrene. However, there were no changes in expression of Nr4a genes with DCM. With DCM, it appeared that hypoxia from the elevated carboxyhemoglobin (HbCO), expected from oxidation of DCM to CO, served as a mitogenic stimulus. At the carcinogenic concentrations, the persistence of HbCO (and longer durations of hypoxia) appears to be the factor altering the circadian control of metabolism.
Adaptation and recurrent injury
Our findings raise questions about the manner in which these various responses -cell proliferation, down-regulation of nuclear receptor signaling, circadian-gene control and altered D-box binding protein genes -contribute to lung tumor formation. These adaptive alterations in circadian signaling and D-box binding protein gene expression may primarily serve to reset cellular responses in the terminal bronchioles/ Club cells to a more normal condition in the face of continued exposure to styrene and ROMs. These TF changes are already clearly established by the end of the first week of exposure (Fig. 3) . The circadian cycle regulation and changes in genes for the D-box binding proteins would then be regarded as MFs of the carcinogenic process for styrene. Clearly though, any adaptation must be incomplete since hyperplasia continues throughout the exposure period with increases in tumors at the end of two years. Another possibility is that the adaptive responses have an effect on specific circadian clock genes (for instance, Arntl) that serve to promote lung tumor formation. The tumor outcome with styrene would then arise from mitogenic promotion occurring along with Arntl depletion whereas with the Kras-driven KrasLA2/+ mice promotion (Papagiannakopoulos et al., 2016) occurs through the altered Krasprotein serving to enhance mitogenesis.
An inability to fully adapt to the styrene exposures may also be associated with the exposure pattern used in the bioassay -6 h/day, 5 days/week. In short-term exposures, the lesions increase over the first week, diminish with the weekend break and then recur to a lesser extent with resumption of the exposure at the beginning of the second week. While cell proliferation was increased about 4-fold in the terminal bronchioles after 1-week. It was at control levels in the terminal bronchioles at the end of the second week although increases were noted in the large bronchioles (Green et al., 2001b) . This increase in cell proliferation at 1-week is a consistent finding. Our 1-week study here found a 6 to 7-fold increase. In longer term exposures proliferation has been evaluated at 2, 5 and 13-weeks (Cruzan et al., 1997) . At 2-weeks cell proliferation was increased about two-fold, but with a large standard deviation: 14.22 ± 7.54 in a 200 ppm group versus 3.94 ± 1.89 in controls. At 5-weeks, there was no increase in the mean, but the standard deviation was significantly greater for the styrene exposed mice compared to controls (7.72 ± 7.16 versus 5.74 ± 2.30). Similar variability in responses was seen in our gene expression analysis at the longer times (Table 3 ) with many genes reaching the | FC| > 1.5 cutoff, but fewer showing statistical significance (FDR < 0.05). The pattern of short-term responses in the first week, repair and restoration to normal over the weekend with renewal of portions of the initial response is also present with DCM exposures on a 6 h/day, 5 day/week exposure schedule (Foster et al., 1992) . It is possible that continuous exposures -7 days a week -would strengthen adaptation leading to a lesser carcinogenic response. In general, the pattern of exposure in these inhalation bioassays may also serve as a MF for lung tumors.
Similarity in mouse lung responses to styrene and DCM indicate that this pattern of response -activation of cell cycle/mitosis followed by rewiring of the circadian network may be a common response with some sub-set of mouse lung carcinogens. Evaluation of longer termgene expression with other compounds that appear likely to be active through Cyp2F2 production of ROMs -i.e., coumarin, benzofuran, naphthalene (Cruzan et al., 2009 ) -could provide an opportunity to test whether mitogenesis followed by adaptive rewiring of circadian signaling occurs with a larger number of mouse lung carcinogens. Gene expression responses in mouse lung after 90-day exposures have already been reported for all three of these compounds (Thomas et al., 2009; Black et al., 2015) and further analysis of these studies could serve as a test of this hypothesis.
4.8. Gene expression and lung toxicity in CYP2F2 (−/−) and TG mice with human CYP2F1, 2A13 and 2B6 on the CYP2F2 (−/−) background These gene expression studies across time, exposure concentration and strain reinforce conclusions that pulmonary toxicity of styrene arises from metabolites produced by mouse CYP2F2. We saw no appreciable changes in gene expression at any of the time points examined and no evidence of histopathological changes or proliferation at the short times in either the CYP2F2-KO or the humanized transgenic mouse. There were some similarities in altered circadian clock-related TF genes among the three strains at longer times, but these changes were less consistent in the KO and, especially, in the TG strains. In addition, these strains did not show downregulation of the Nr4a family group of receptors seen at the longer times with the WT-C57BL/6 mice.
Conclusions
The initial response to styrene exposure after a single exposure to 120 ppm changes expression of over a quarter of genes in lung with enrichment of pathways for metabolism and for cell cycle/mitosis. Despite the continuation of exposure, the gene changes resolve with the establishment of an altered suite of TF genes that are part of circadian cycling within the tissue and show greatly enhanced expression of activators of genes with D-box binding motifs. These D-box binding proteins link circadian cycle to expression of multiple genes required for tissue specific processes and maintenance of proper diurnal expression of these proteins/enzymes. Our working hypothesis for the MIE, KEs and MFs is depicted in Fig. 4 . Overall, the gene expression results described in this study for the WT, KO and TG mice are consistent with the conclusion that styrene mouse lung specific toxicity and tumorigenicity is mediated by a direct, non-genotoxic, mitogenic MOA that is closely coupled to later-time genomic adaptation that results in alterations of circadian cycle control mechanisms and Nr4a receptor family downregulation. The data also indicate that cytotoxicity or activation of p53-mediated DNA-damage pathways are unlikely to play any role in tumor development. Fig. 4 . Proposed responses of mouse lung to ring-oxidized metabolites of styrene. The MIE appears to be ROM binding to one or another Nr4a family nuclear receptor, leading to cell proliferation as a KE. Feedback from activation of various transcription factors leads to adaptation, serving as a MF, and potentially as a key event through loss of Arntl. Cycles of response and adaptation are repeated to some extent with each weekly exposure where the 2-days without exposure on the weekend leads to some degree of relaxation of the adaptive state. The exposure patterns themselves then may serve as a MF.
